Introduction
Nanoimprint lithography [1] [2] [3] [4] [5] [6] can fabricate a nanostructure with high resolution and low cost. Nanoimprint process is classified broadly into two main categories; Thermal nanoimprinting and UV nanoimprinting. A nanoimprint mold is universally in direct contact with a nanoimprint resin. To easily separate the mold from the resin, the mold is usually coated with an antisticking layer (ASL). ASL is a very important factor in the nanoimprint process because we cannot fabricate the nanostructure if the ASL deteriorates during multiple nanoimprinting. However, in fact, it is known that the ASL deteriorates with multiple nanoimprinting [7] [8] .
Therefore, we should understand the mechanism of deterioration of ASL to improve the nanoimprint process as a mass production technology.
We assume that the adhesion and friction occur between the ASL and nanoimprint resin in the demolding process, as shown in Fig. 1 . Furthermore, we guess that these mechanical motions are one of the reasons that the ASL deteriorates by nanoimprinting. Although we should evaluate the effect of these mechanical motions for the ASL, it is difficult to examine the impact because these mechanical motions occur on a localized area. Atomic force microscopy (AFM) is a useful tool to measure nanometer-scale adhesion and frictional forces. Previously, we reported the evaluation of them for the thin polydimethylsiloxane (PDMS) layer employing AFM 9) . A cantilever is in direct contact with a sample surface when we observe the sample by contact mode-AFM. This means that localized mechanical friction occurs between the cantilever tip and sample. Therefore, we carried out continuous contact mode-AFM observation on ASL and measured adhesion and frictional forces to evaluate the effect of the localized friction of Fig.1 . In this paper, we carried out localized abrasion resistance test for ASL by AFM.
Experimental method
A mesa structure was fabricated on a SiO 2 /Si substrate (SiO 2 film thickness was 30 nm) by electron beam lithography and reactive ion etching (RIE). The mesa structure was 1.6 µm × 1.6 µm. We then formed a fluorinated self-assembled monolayer on the SiO 2 /Si substrate with the mesa structure using (tridecafluoro-1,1,2,2-tetrahydrooctyl)trimethoxy silane (FAS-13) by a dip-coating process 10) . Figure 2 shows a schematic of the localized abrasion resistance test by AFM. We used a sphere tip cantilever (NanoWorld AG) and AFM5300E (Hitachi High-Tech Science Co.) to carry out the test. The sphere material and diameter were SiO 2 and 0.8 µm, respectively. The ASL was rubbed by sphere tip during contact mode-AFM observation. Then, we measured the adhesion and frictional forces at 5 points on the rubbed surface by AFM. The adhesion 11, 12) and frictional [13] [14] [15] forces were obtained from force-distance and frictional curves, respectively. If the deterioration of ASL is due to friction between the ASL and the sphere tip, the adhesion and frictional forces may change before and after rubbing. We continued rubbing the ASL on the SiO 2 mesa structure of 1 µm × 1 µm area by contact mode-AFM in air and defined the number of are scanning times as the number of rubbing times. The contact force was about 200 nN. The scanning speed of the sphere tip was 10 Hz. In this case, it took about 30 sec for one area scanning.
Results and discussion

Localized abrasion resistance test on FAS-13 by AFM
The sphere tip was cleaned by RIE with O 2 gas before measurement. Figure 3 (a) shows the scanning electron microscopy (SEM) image of the sphere tip after RIE. It was seemed that the contamination did not attach on the top of sphere tip. We therefore carried out abrasion resistance test to confirm whether the change of adhesion and frictional forces occurred or not before and after rubbing. Therefore, it took about 1 week for the experiment and the arrows in the graph indicate the restart of the experiment.
The adhesion and frictional forces reduced by rubbing of about 500 times. In particular, the adhesion force rapidly decreased. We assumed that the contamination existed on the FAS-13 before abrasion resistance test, because FAS-13 ASL was formed 2 days ago, resulting in the contamination attaching on ASL. We will discuss about this contamination in section 3.2. We focused on the adhesion and frictional forces after rubbing from about 1000 times to about 5700 times. Although we expected that the adhesion and frictional forces increased with increase in the number of rubbing times, the increase and decrease of these forces were shown by the abrasion resistance test. One of the behavioral factors may be the contamination attached to the top of sphere tip as well as ASL due to repeating of pause and resume. In addition, we also assumed that a bit of contamination may be attached and removed at sphere tip during the measurement. As a result, the increase and decrease of the adhesion and frictional forces might be occurred. We have to further study to clarify the behavior by changing the experimental conditions such as vacuum environment instead of air.
Contamination on FAS-13 before localized abrasion test by AFM
The adhesion and frictional forces before abrasion resistance test were high in this measurement, as shown in Fig. 3(b) and 3(c) . Especially, the adhesion force before the test was the highest in the measurement. However, this phenomenon is unnatural because FAS-13 before the test was not damaged. Therefore, we guessed that the FAS-13 was contaminated due to the gap time between forming ASL and starting the test. Figures 4(a) and 4(b) shows the force-distance curves on FAS-13 measured immediately and about 2 days after FAS-13 ASL forming, respectively. We started the localized abrasion resistance test about 2 days after FAS-13 forming. The clear force-distance curve of FAS-13 was obtained when we immediately measured and the adhesion force was about 140 nN. On the other hand, the force-distance curve was changed when we measured 2 days after FAS-13 forming and the adhesion force was about 460 nN. In addition, the adhesion force after about 400 rubbing times Fig. 3(b) . The frictional force also denoted the same tendency of the adhesion force. The frictional forces were obtained immediately and about 2 days after the ASL forming, and after about 400 rubbing times ( Fig. 3(c) ) were about 25, 43, and 19, respectively. We assumed from these results that the contamination was attached to FAS-13 surface about 2 days left after ASL forming before measurement, resulting in the increasing of the adhesion and frictional forces. As one of other reasons, it is considered that the excess silane coupling agent remains on the FAS-13 surface although we rinse the substrate for 2 h. The adhesion and frictional forces decreased after about 400 rubbing times in Fig. 3 , which might be caused by removing the contamination and excess silane coupling agent by rubbing.
Conclusion
We demonstrated the localized abrasion resistance test by AFM to examine the ASL deterioration induced by local friction. It was found that the contamination may attach to the ASL formed using FAS-13 due to leaving in air, because the adhesion and frictional forces increased when we measured about 2 days after from ASL forming. Although the localized abrasion resistance test was carried out for about 1 week, the contamination due to experimental conditions were not avoided, which might be caused the random behaviors of adhesion and frictional forces. However, we proved from these results that the localized abrasion resistance test by AFM was one of the useful evaluation methods to examine the ASL deterioration induced by local friction. We will further study 
